Background-Stunting is prevalent by the age of 6 mo in the indigenous population of the Western Highlands of Guatemala.
Introduction
The association between impaired linear growth and enhanced risks of morbidity and mortality in infants and children under the age of five years from resource-poor communities has been well established (1) (2) (3) (4) . Survivors are at risk for impaired brain function, loss of economic productivity, and greater reproductive risks to adult women and their offspring (5) . The community as a whole suffers from loss of human capital (5) . Except in circumstances of acute under-nutrition, inadequate growth is typically manifested by linear growth failure with low length-for-age Z-scores (LAZ). According to World Health Organization (WHO) data (6) , linear growth failure in low resource communities typically starts in early to mid-infancy with progressive deterioration in linear growth rates reaching a plateau at a low level at approximately two years of age. Though considered to result primarily from under-nutrition, further aggravated by infection, infant-toddler nutrition interventions designed to reverse this progressive linear growth failure have had only limited success (3) in what is regarded as the "window of opportunity" to prevent or/and treat growth failure.
Our own recent experience with the indigenous post-Mayan population in Chimaltenango in the Western Highlands of Guatemala has documented a very high incidence of stunting, approximately 60%, by as early as 6 mo of age (7, 8) . The precise timing of the early growth failure and its predictors has not been explored.
Guatemala, as is typical of resource poor countries in transition, is faced with the dual challenges of growth failure and a rapidly increasing prevalence of overweight (9) . There is increasing evidence that excessive weight gain in infancy is a predictor of overweight in later childhood (10) .
The objectives of this project were: [1] to characterize the linear growth of the indigenous population in Chimaltenango from the newborn to 6 mo of postnatal age; [2] to identify the predictors of linear growth failure in early infancy; [3] to determine the relationship between weight-for-age Z-score (WAZ) and low LAZ in early infancy.
Experimental Design and Methods

Study Design
This was an observational longitudinal anthropometric study of newborns and infants from birth until 6 mo of age in a population known to have linear growth retardation by the age of 6 mo (7). Maternal, paternal, family, home and infant feeding data were also collected. Basic cross-sectional statistics were calculated and LAZ at 3 and 6 mo were modeled as functions of the measured variables using multiple linear regression analysis.
Participants
Participants were identified through the Eunice Kennedy Shriver National Institute of Child Health and Human Development Global Network Maternal and Newborn Health Registry.
They were consecutive deliveries from four control clusters for the series of research projects being undertaken by this Global Network site in the Department of Chimaltenango in the Western Highlands of Guatemala. The population was indigenous, primarily postMayan, with a long history of deprivation and poverty. The participants were primarily resident in small rural towns, with men typically working on subsistence farms but progressively changing to laborers on larger farms or to other low to low-medium income jobs. Maize remains the dominant crop and food staple. Homes generally have a primitive electrical supply, television but no refrigerator. The water supply is variable; the majority having a running water supply of variable consistency and purity. Typically, wood fires are still used in part or whole for cooking, either in a kitchen or sometimes in the same room as the sleeping quarters. The majority of deliveries were in the home, most frequently attended by a local traditional birth attendant. All final participants were apparently healthy term or near-term neonates, based on history of last menstrual period (LMP) obtained through the Registry records. They had no acute illnesses during the six month study and 82% of participants were exclusively breast fed at 3 mo according to maternal history. Approval for this study was provided by the Comite de Etica Independente and by the University of Colorado Multiple Institutional Review Board.
Anthropometry
Crown-heel and crown-rump lengths were obtained in the recumbent position per World Health Organization (WHO) guidelines (11) by a specially trained pair of the research team. Two measurements were taken using a calibrated Harpenden infantometer (Crymych, Pembs, UK) and recorded to the nearest 0.1 cm. A third measurement was made if the difference was >0.4 cm and the mean of the two closest measurements calculated. Duplicate newborn and infant naked weights were obtained with calibrated Salter scales and recorded to the nearest 4 g. Newborn measurements were obtained as soon after birth as possible. Infant measurements were made at the age of 3 and 6 mo. All measurements were made in the home.
Maternal height and weight were measured at 6 mo postpartum in the local health clinic. Barefoot height was obtained using a calibrated mechanical column scale with a measuring rod at the project headquarters and recorded to the nearest 0.5 cm. Maternal weight was obtained from a calibrated digital scale and recorded to the nearest 0.2 kg.
Data management and analyses
Data were recorded by two of the authors (JBB & SCD) in the participants' homes with pencil/paper and entered into an electronic excel database after verification of data accuracy. These data included socio-economic status assessed using World Bank guidelines (12) ( Table 1) ; maternal and parental education and work; parity; obstetric history; exclusive breast feeding at 3 mo, infant and child feeding index at 6 mo; use of iron/folate supplements (IFS) or mineral/vitamin supplements, and other demographic information. Initial processing included final cleaning and conversion of infant anthropometric data to Zscores (WHO Anthro, version 3.2.2, World Health Organization). Cross-sectional statistical measures including correlation were calculated for all the variables of interest, notably LAZ, WAZ and WLZ. These statistics and plots of selected data were used examine longitudinal characteristics and inter-variable relationships.
Multiple linear regression analysis was used to model LAZ at 3 and 6 mo as functions of 23 quantitative and categorical variables ( Table 2 ). Stepwise and best subsets model selection methods were used in multiple phases of the analyses to determine the best candidates for the final models. After elimination of the explanatory variables for which there was no evidence of a relationship to the response variables, all two-way interactions between the remaining explanatory variables were added to the models being investigated. Final model selections were performed manually taking into consideration the statistical significance of the parameter estimates, Akaike Information Criterion (AIC) values, and model parsimony. Throughout the analyses regression residuals were examined to check for deviations from regression assumptions. Multicollinearity of variables was assessed using variance inflation factors (VIF) and apparent outliers were evaluated.
Because missing data entailed the use of subsets of the complete dataset for certain analyses, a sensitivity analysis, using t-tests, ANOVA and chi-squared tests, was performed to determine whether the datasets were statistically similar.
Regression analyses were accomplished using the R statistical computing language, version 2.14 (13). Other statistical analyses were performed with GraphPad Prism (version 5, GraphPad Software, Inc. San Diego, CA) and Microsoft Excel (version 2003). Data are presented as mean ± SD unless otherwise noted. The level of significance used was 0.05.
Results
Two hundred apparently healthy newborns (108 males, 92 females) were enrolled in this project. Some did not participate through the end of the study; the total numbers of participants were 200 at birth, 176 at 3 mo and 157 at 6 mo. Six participants who completed all measurements, but were born prematurely (gestational age < 37 wk from the last menstrual period reported by mother), were excluded. In addition, three participants whose data were anomalous and could not be verified were excluded. Complete longitudinal data are reported here for the remaining 148 participants. Seventeen (11%) of these 148 term infants met criteria for intrauterine growth retardation (IUGR) with birth weights ranging from 1900g to 2500g.
Missing data for delivery location, an interaction variable in the final model of LAZ at 6 mo, caused that analysis to be restricted to 125 participants. T-tests or ANOVA were used to compare the means of all quantitative variables for the complete data and the subsets of 148 and 125 participants. Chi-squared tests were used to test whether the distributions of values of categorical variables and quantitative variables taking limited values were independent of the datasets. None of the variables were found to differ across datasets; the P-values for all tests were >0.6. Where t-tests or ANOVA were used, tests for equal variances produced Pvalues >0.1.
Newborn measurements were obtained at 5.6 ± 2.7 d after delivery. Mean ± SD length and weight for newborn and for infants at 3 and 6 mo of age are summarized in Table 3 for separate and combined sexes. The ratio of crown-rump to crown-heal length was 0.650, i.e. close to the normal term mean of 0.673 ± 0.030 (14) . This ratio did not vary with birth weight (14) . The mean LAZ at the three time points for combined sexes were -1.00 ± 1.01, -2.20 ± 1.05 and -2.26 ± 1.01. Forty-seven percent of newborns, 53% of infants at 3 mo, and 56% at 6 mo of age were stunted (defined as LAZ <-1 for newborn and <-2 for 3 and 6 mo). Corresponding values for severe stunting (LAZ < -3) at 3 and 6 mo were 24% and 23%, respectively. The mean LAZ for the males was always lower than the LAZ of the females, but approached significance only at 3 mo (P = 0.05) whereas the means for the males and females were -2.36 (0.97) and -2.02 (1.13), respectively. LAZ declined significantly between newborn and 3 mo of age ( Figure 1 ). The correlation between newborn vs. 3 mo LAZ was r = +0.73 (P < 0.0001). It was concluded from the multiple regression analyses that the optimal descriptive model of LAZ at 3 mo was as a function of newborn LAZ, newborn WAZ, gender, and the interaction of years of maternal education and age (R 2 = 0.64, Table 4 ). Regression parameters were significant (P < 0.007) and coefficients of partial determination showed that newborn LAZ was the strongest predictor of LAZ at 3 mo. All parameter estimates were positive indicating a positive relationship of all explanatory variables with LAZ at 3 mo. The interaction can be interpreted as showing that, the older the mother, the larger the increase in LAZ associated with maternal education (Figure 2 ). Parameter estimates were similar when the 17 infants with weight < 2500 g were excluded; the correlation between newborn and 3 mo LAZ data remaining significant (P < 0.0001) with r = 0.61.
Multiple regression analysis of LAZ at 6 mo showed it to be optimally modeled as a function of newborn LAZ, socio-economic status (SES), an interaction of SES and delivery location, and an interaction of SES and the use of iron/folate supplements (IFS) (R 2 = 0.49, Table 5 ). Parameter estimates were significant (P < 0.017) and the coefficients of partial determination showed that, as with the 3 mo LAZ model, newborn LAZ was the strongest predictor of LAZ at 6 mo. SES was the second strongest predictor, with the interactions making lesser but significant contributions. The role of iron and folate in the SES*IFS interaction was modeled as iron or folate, but iron and folate produced similar results since 94% of the participants took both or neither. While newborn LAZ and SES exhibited positive associations with LAZ, both SES interactions had negative parameter estimates indicating that home delivery and/or the use of IFS lessened the influence of SES on LAZ at 6 mo. It is noted that other models also suggested a weaker association of LAZ with maternal height.
Mean WAZ at the same time points were -0.89, -0.97 and -0.94, respectively. Corresponding data for WLZ were -0.44, +1.28 and +0.82 (Figure 1 ). The slopes of the regression lines for WAZ vs. LAZ at 3 and 6 mo were 0.64 and 0.66 respectively (r = 0.64, P < 0.0001). A plot of the 3 mo data and regression line (Figure 3 ) makes evident that weight status was disproportionately high relative to length status and that this disproportionate relationship tended to be more pronounced at lower LAZ. At 3 and 6 mo, respectively, 30 and 14% of infants were overweight with WLZ ≥ 2.0.
The mean maternal height was 145 (4.5) cm and weight was 56.1 ± 9.0 kg. Maternal mean BMI was 26.7 ± 3.7; 63% were overweight (>25), including 16% who were obese (>30). Maternal height was significantly correlated with LAZ at all three measurement times (r = 0.21 (P = 0.010) at birth, r = 0.20 (P = 0.013) at 3 mo; r = 0.24 (P = 0.004) at 6 mo). Maternal height was not correlated with WLZ at any time. There was no correlation between maternal BMI and either LAZ or WLZ of offspring at any time.
Discussion
The immediate goal of the regression modeling was to determine which of the potential explanatory variables were most strongly associated with LAZ at 3 and 6 mo while controlling for the other variables. The resulting models should be viewed as descriptive models providing information on which variables appeared to have explanatory value and on the nature of their relationships with the response variables, and contributing to the larger goal of understanding some of the factors that affect infant growth
The most notable result of this study was the documentation of birth length, among multiple variables included in the analysis, being the outstanding predictor for LAZ both at 3 mo and 6 mo of age. Similar early linear growth retardation has previously been observed in Malawi, where small birth size was found to be the strongest predictor of severe stunting at 12 mo (15, 16) . In both countries LAZ was approximately -1 in the newborn. This finding indicates that linear growth of the fetus or/and factors affecting fetal linear growth, at least in these populations, continue to have a prominent role in postnatal linear growth through infancy. Though linear growth of the fetus occurs throughout gestation (17) , published evidence points to the special importance of the earlier months of pregnancy in determining linear growth at birth. Maternal weight gain, indicative of maternal nutritional status, during the first to the second trimester in poor indigenous communities in Eastern Guatemala is positively associated with both femur and tibial length at 17 and 30 wk gestation and with infant length at birth, while maternal weight gain from the second to third trimesters did not predict either fetal length or birth length (18) . When the fetus is shorter than expected in the first trimester, there is increase in the risk of both preterm birth and intra-uterine growth retardation as documented in a recent study in the Netherlands (19) . The epidemiologic evidence supporting the importance for birth size of maternal nutrition at conception is longstanding (20) . The implications for early maternal environmental and especially nutrition interventions are apparent. Though human experimental data supporting the benefit to fetal growth of maternal nutrition interventions commencing well before conception are limited, (21) a strong argument can be made for studying the benefits of such interventions in order to ensure these interventions are instituted in time to improve the maternal nutrition environment to benefit the entire first trimester.
The cause of the high prevalence of early linear growth failure is likely multifactorial, but the impressive increase in height of school children from similar post-Mayan indigenous communities in the Yucatan (22) within one generation of immigration into the United States (23) provides evidence of the dominant contribution of the environment to the linear growth failure in the Guatemalan Central Highlands. Malnutrition is prominent among the environmental factors that affect linear growth adversely. Though, the current data emphasize the importance of maternal nutrition during pregnancy the quality of feeding, including the integrity and quality of exclusive breast feeding, during these early months also requires even more diligent attention. Eighty-two percent of the participants in this study were, exclusively breast fed for the first 3 mo by self-report. Even if this figure is not entirely accurate, there is nothing outstanding in either the nutrition, health or other identified environmental factors of the infant to readily account for the severity and early onset of the postnatal linear growth failure.
The relationship between impaired linear growth of the fetus and young infant in this population suggests a common cause which continues to arrest linear growth postnatally despite a very different environment after birth. Given the evidence discussed above, this relationship is likely to extend to the earliest stages of pregnancy. We speculate that this link is attributable at least in part to an abnormal maternal, placental and fetal epigenome secondary to an imperfect maternal environment, including nutrition, during and prior to pregnancy (24) (25) (26) (27) (28) and which presumably does not normalize abruptly at delivery even though the placenta is no longer a factor. This hypothesis is supported by the results of recent research in the Gambia (29, 30) . The notable effects of experimental dietary changes prior to conception in non-human primates on the fetal epigenome and corresponding phenotype (26) support the argument for initiating nutrition intervention studies prior to conception.
Other documentation of early linear growth retardation includes data on nearly 6000 infants in Nigeria at the time of their first immunization (1-3 mo of age), which included 30.8% stunted infants. Intrauterine growth restriction was a significant contributor both to stunting, underweight, and wasting in these young infants (31) . However, the extent of this early onset linear growth failure has not been evident from global surveys in which regions of the world are combined (32, 33) . Other reports, notably from the long-term longitudinal Orient, 4 village study in Eastern Guatemala (34) (35) (36) have linked low LAZ at birth or early infancy with other longer term outcomes including subsequent neurodevelopment (37) (38) (39) (40) (41) or later body proportions (42, 43) , but have either not provided the same longitudinal data on linear growth in early infancy or have not reported lengths before 3 mo of age.
Other reports from the Guatemalan 4-village study have focused on birth weight (44) or on weight gain in early infancy (45) . Birth weights and abnormalities of birth weight are much more commonly reported than birth lengths though it is impairment of linear growth that is associated with long-term enhanced vulnerability to morbidity and mortality in poor communities. In more affluent countries, most IUGR newborns have catch-up growth in infancy (19) . This may occur in some poor populations; for example in a study in Nigeria low birth weight was associated with the highest weight velocities between birth and the first postnatal visit (46) . Most catch up from IUGR occurs in the first 6 mo in more affluent countries (47) , a time that is beneficial for long-term growth and health. In New Zealand (47) , linear growth remained retarded in 20% of infants which was predicted by shortness but not low weight at birth. This high percentage of catch up growth in early infancy contrasts with the low linear postnatal growth in the cohort reported here.
Though primary attention has been directed to linear growth, the postnatal weight gain of the participants was also of note. First the maintenance of an essentially unchanging WAZ concurrently with the rapid decline in LAZ indicated that the latter could not be attributed to a lack of adequate energy intake in these young breast fed infants. This difference in pattern between WAZ and LAZ resulted, inevitably, in a notable increase in WLZ in early infancy which remained high through 6 mo ( Figure 1 ). The WAZ, as noted in the results, was increasingly disproportionally high in relation to LAZ the more negative the LAZ, both at 3 and 6 mo. Potential concern is aggravated by the clearly excessive weight gain resulting in nearly a quarter of these infants being overweight by 6 mo. The prevalence of overweight has been noted to be higher in children who are stunted both in Guatemala (48) and other sites (49) . Excessive early infancy weight gain is a potential harbinger of obesity in children and adults (10) .
Conclusion
The results of this observational study indicate a strong link between linear growth of the fetus and of the young infant. Understanding of the contribution of several possible factors that could contribute to this link requires further research. However, each of these factors appears likely to relate to the maternal environment and, it is hypothesized, to the maternal epigenome. Apart from the more extensively documented adverse associations of failed linear growth, the results of this study have added to the evidence for the enhanced risk of infant overweight associated with linear growth retardation. Mean (+SD) length-for-age (LAZ), weight-for-age (WAZ) and weight-for-length (WLZ) in newborn and infants at 3 and 6 mo of age. A 3-dimensional plot of the relationship of the maternal education * maternal age interaction and LAZ at 3 mo predicted by the model. The plot shows that increased education was associated with higher LAZ at 3 mo and that this relationship was enhanced when the mothers were older. The model surface is calculated for females with average newborn LAZ and WAZ values. The upper corner of the surface (at high values of both education and age) extends beyond the range of the data as none of the older mothers had the highest levels of education. Anthropometry at birth, 3 and 6 mo of age 
